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Electron spin resonanceResveratrol and piceatannol are plant-derived polyphenols possessing extremely wide range of biological
activities such as cancer chemopreventive, cardio- and neuroprotective, antioxidant, anti-inﬂammatory,
anticancer and lifespan extending properties. Despite great interest in these stilbenes, their interactions with
lipid bilayers have not been extensively studied. In the present work, the interaction of both resveratrol and
piceatannol with model membranes composed of phosphatidylcholine (DMPC and DPPC) was investigated
by means of ﬂuorescence spectroscopy, differential scanning calorimetry (DSC) and electron spin resonance
spectroscopy (ESR). Generalized polarization of two ﬂuorescent probes Laurdan and Prodan measured in
pure lipid and lipid:stilbene mixtures revealed that resveratrol and piceatannol changed bilayer properties in
both gel-like and liquid crystalline phase and interacted with lipid headgroup region of the membrane. These
ﬁndings were corroborated by DSC experiments in which the stilbene-induced decrease of lipid melting
temperature and transition cooperativity were recorded. Resveratrol and piceatannol restricted also the ESR-
measured mobility of spin probes GluSIN18, 5DSA and 16DSA with nitroxide group localized at different
depths. Since the most pronounced effect was exerted on the spin probe located near membrane surface, we
concluded that also ESR results pointed to the preferential interaction of resveratrol and piceatannol with
headgroup region of lipid bilayer.© 2009 Elsevier B.V. All rights reserved.1. Introduction
Resveratrol (3,4′,5′-trihydroxy-trans-stilbene) (Fig. 1A) is a poly-
phenolic compound synthesized by several plant species (e.g. grape-
vine Vitis vinifera) in response to stress or infection [1]. Functionally
resveratrol belongs to phytoalexins, also called the plant antibiotics.
The main sources of resveratrol in human diet are grapes, red wine
and peanuts [2]. Piceatannol (3,3′,4,5′-tetrahydroxy-trans-stilbene)
(Fig. 1B) that possesses one additional hydroxyl group, is naturally
present in many plant sources and also constitutes the major product
of resveratrol metabolism formed in liver as the result of cytochrome
P450 activity [3]. Therefore resveratrol may be treated as a pro-drug
for piceatannol production.
First, resveratrol attracted attention of the scientists because of its
cardioprotective activity. Its ability to prevent platelet aggregation,; ESR, electron spin resonance;
MPC, 1,2-dimyristoyl-sn-gly-
TM, temperature of the main
lpy; DSPC, 1,2-distearoyl-sn-
-sn-glycero-3-phosphocholine;
; DEPE, 1,2-dielaidoyl-sn-gly-
48 71 784 0088.
owska).
ll rights reserved.and inﬂuence cholesterol metabolism, vasodilation and antioxidant
activities led to the assumption that resveratrol was at least partially
responsible for the phenomenon called the “French paradox” i.e. an
inverse correlation between red wine consumption and coronary
heart disease rate observed in France [4]. Later on, the discovery that
resveratrol affects tumor initiation, promotion and progression which
is accompanied by relatively low toxicity of this compound made
resveratrol the promising candidate for chemoprevention (see [4–6]
for a review). Up to now, the observed properties of resveratrol
include its anti-inﬂammatory, estrogenic and neuroprotective activ-
ities, regulation of cell cycle and apoptosis, regulation of gene
expression, and inhibition of angiogenesis. Consumption of resvera-
trol was also found to extend the lifespan of some organisms (e.g.
Caenorhabditis elegans and Drosophila melanogaster) signiﬁcantly
[4,6]. Biological activities of piceatannol were found to be similar to
those observed for resveratrol (reviewed in [7]). It also possesses
estrogenic, anti-inﬂammatory, antioxidant and anti-cancer activities.
Piceatannol was reported to induce apoptosis in leukemia cells [8] and
to reduce proliferation rate by arresting colorectal cancer cells in S
phase of the cell cycle [9].
Among cellular targets of either resveratrol or piceatannol also
many transmembrane proteins were identiﬁed, e.g. mitochondrial
F0F1-ATPase [10], voltage-gated potassium channels Kv1.3 [11] and
ABC transporters such as P-glycoprotein, multidrug resistance-
Fig. 1. Chemical structures of resveratrol (A) and piceatannol (B).
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(BCRP) [12–16]. In spite of this and the fact that antioxidant activity of
resveratrol and piceatannol was observed in many model systems
[17,18], the interaction of the stilbenes with lipid bilayers is poorly
known. Only few studies dealing with the effect exerted by resveratrol
onmodel membranes were published [17,19–21] and, according to our
best knowledge, the interaction of piceatannol with liposomes has not
been studied so far.
Sarpietro et al. [20] have shown that resveratrol interacted with
DMPC membranes causing the disappearance of lipid pretransition
and the reduction of the main phase transition temperature and the
transition cooperativity as determined by microcalorimetry. The
authors proposed resveratrol to be localized near the headgroup
region of the lipid bilayer. Similar effects were exerted by resveratrol
also on thermotropic properties of DPPC and DSPC [17]. The
resveratrol-induced decrease of the transition temperature and the
cooperativity was also recorded in POPC:POPS (4:1) model mem-
branes [19]. On the other hand, the main phase transition of DEPE as
observed by the same group was almost not changed even if
resveratrol was present in very high drug:lipid molar ratios. However,
the temperature of the transition from the ﬂuid lamellar to inverted
hexagonal phase was increased in the presence of this compound.
Apart from microcalorimetric experiments and investigation of
antioxidant properties of resveratrol, Fabris et al. [17] have also
demonstrated that in DPPC model system resveratrol inﬂuenced the
mobility of the stearic acid molecules spin-labeled at different
positions (n-SASL). The strongest perturbation was recorded for 7-,
10- and 12-SASL, while 5-SASL and 16-SASL were affected to a smaller
extent. The rigidifying activity of resveratrol on deep portions of
membrane was previously reported by Tsuchiya et al. [21]. They
recorded an increase of DPH ﬂuorescence polarization induced by this
compound in POPC:DPPC (1:1) membranes containing 20 mol%
cholesterol. Surprisingly, ﬂuorescence polarization of TMA-DPH that
is anchored in the vicinity of membrane surface was not changed in
the presence of resveratrol.
In the present work, the interaction of both resveratrol and its
metabolite — piceatannol with model membranes composed of
phosphatidylcholine (DMPC or DPPC) was studied in detail. This
constitutes, to our best knowledge, the ﬁrst study on piceatannol–lipid
bilayer interaction. We focused on the comparison between the
membrane-perturbing activities of the two stilbenes that differ only
by one hydroxyl group. Apart from differential scanning calorimetry
(DSC), ﬂuorescent probes Prodan and Laurdan have been employed to
systematically monitor the inﬂuence of the studied compounds on
different membrane regions. Additionally, electron spin resonance
spectroscopy (ESR) was used together with ESR spectra analysis to
reveal the heterogeneity of phosphatidylcholine membranes and to
investigate individual domain alterations as the concentration ofeither resveratrol or piceatannol was raised. By choosing two lipid
species: DMPC and DPPC, and performing temperature scans we were
able to compare the inﬂuence of the studied stilbenes on lipid bilayers
in the gel-like and liquid crystalline phase, ﬁnally resulting in themost
detailed picture of stilbenes' interactions with model membranes.
2. Materials and methods
Resveratrol (3,4′,5′-trihydroxy-trans-stilbene) and piceatannol
(3,3′,4,5′-tetrahydroxy-trans-stilbene); DPPC (1,2-dipalmitoyl-sn-gly-
cero-3-phosphocholine) and DMPC (1,2-dimyristoyl-sn-glycero-3-
phosphocholine); spin probes 5DSA (5-doxylstearic acid) and 16DSA
(16-doxylstearic acid) were purchased from Sigma (Poznań, Poland).
Laurdan (2-(dimethylamino)-6-dodecanoylnaphthalene) and Prodan
(2-(dimethylamino)-6-propionylnaphthalene) were from Molecular
Probes (Eugenie, OR, USA). Spin-probe GluSIN18 (N-(2,5-dihydroxy-
4-((1-oxyl-2,2,5,5-tetramethylpyrrolidin-3-yl)methoxy)-6-(hydroxy-
methyl)tetrahydro-2H-pyran-3-yl)stearamide) was synthesized by S.
Pečar (Faculty of Pharmacy, University of Ljubljana, Slovenia) and is
the glucosylamide of stearic acid, where the nitroxide group is
attached to the sugar moiety. Lipids were used without further
puriﬁcation and all other chemicals were of analytical grade.
2.1. Laurdan and Prodan generalized polarization measurements
Laurdan and Prodan generalized polarization was measured in
small unilamellar lipid vesicles composed of DPPC or DMPC.
Liposomes were prepared by sonication of 2 mM phospholipid
suspension in 20 mM Tris–HCl buffer (0.1 mM EDTA, 50 mM NaCl,
pH 7.4) using UP 200s sonicator (Dr Hilscher GmBH, Berlin, Germany).
Final phospholipid concentration in a sample was 200 μM. Laurdan
and Prodan were dissolved in DMSO in order to obtain 1 mM stock
solutions. Liposomes were incubated with a ﬂuorescent probe for
15 min in darkness at room temperature. Then the appropriate
amount of stilbene stock solution (30 mM in DMSO) was added and
the sample was incubated for 30 min in darkness. Total concentration
of resveratrol/piceatannol and Laudan/Prodan in the sample was
100 μM and 5 μM, respectively. It was checked that neither resveratrol
nor piceatannol inﬂuenced the spectral properties of Laurdan and
Prodan. The control experiments with DMSO were performed and it
was found that the solvent itself did not inﬂuence generalized
polarization (GP) values of any of the ﬂuorescent probes in DMPC
and DPPC liposomes in any of the temperatures studied.
Steady-state ﬂuorescence emission spectra were recorded by LS
50B spectroﬂuorimeter (Perkin-Elmer Ltd, Beaconsﬁeld, UK)
equipped with a xenon lamp with excitation and emission slits set
to 5 nm. The temperature in a cuvette containing magnetic stir bar
was measured by platinum thermometer and maintained under
control of water circulating bath. In the studies on ﬂuorescence
intensity dependence on temperature excitation wavelength was
390 nm and 360 nm for Laurdan and Prodan, respectively. In the
studies on ﬂuorescence intensity dependence on excitation wave-
length the excitation ranged from 330 to 400 nm for Laurdan and from
300 to 370 nm for Prodan (with intervals of 10 nm). Recorded
ﬂuorescence spectra were processed with FLDM Perkin-Elmer 2000
software.
The generalized polarization (GP) was calculated according to the
equation provided by Parasassi et al. [22]:
GP =
IB − IR
IB + IR
ð1Þ
where IR and IB are the ﬂuorescence emission intensities at the blue
and red edges of the emission spectrum, respectively. For both
ﬂuorescence probes IB was measured at 440 nm, while IR was
recorded at 490 nm for Laurdan and 480 nm for Prodan.
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Resveratrol and piceatannol stock solutions were prepared in
ethanol (ﬁnal concentration of 5 mM). 2 mg of DMPC or DPPC was
dissolved in appropriate amount of stilbene stock solution in order to
obtain the desired drug:lipid molar ratio. The samples were dried
under the stream of nitrogen and placed under vacuum for at least 2 h.
Then 15 μl of 20 mM Tris–HCl buffer (150 mM NaCl, 0.5 mM EDTA, pH
7.4) was added to each sample. Mixture was heated to a temperature
about 10 °C higher than the gel–liquid crystalline phase transition
temperature and shaken in a termostatted mechanical shaker for
several minutes. When homogeneity was obtained samples were
sealed in aluminum pans.
Calorimetric measurements were carried on using Rigaku calori-
meter (Rigaku, Tokyo, Japan) at a scan rate of 1.25 °C/min. Samples
were scanned immediately after preparation. At least 2 samples were
prepared for each stilbene:lipid molar ratio and each sample was
measured at least 4 times. Calorimetric data were analyzed off-line
using software developed in our laboratory.
2.3. Electron spin resonance spectroscopy (ESR)
Resveratrol and piceatannol stock solutions were prepared in
ethanol (ﬁnal concentration of 5 mM). DMPC and DPPC were
dissolved in ethanol and appropriate amount of resveratrol or
piceatannol solution was added in order to obtain 0.04, 0.08 and
0.12 drug:lipidmolar ratio. The solvent was removed under the stream
of nitrogen and samples were placed under vacuum for at least 3 h.
Dry lipid ﬁlms were hydrated with PBS buffer (1 mM EDTA, pH 7.4)
and vortexed for 10 min at room temperature. The ﬁnal lipid
concentration in liposome dispersions prepared for ESR experiments
was 20 mg/ml. Then multilamellar liposomes were equilibrated for at
least 12 h in darkness by continuous stirring at the temperature
exceeding the gel–liquid crystalline phase transition temperature of
approximately 10 °C.
DMPC and DPPC liposomes were labeled using lipophilic spin
probes GluSIN18, 5DSA or 16DSA. The spin label:lipid molar ratio used
in the experiments was 0.005. The spin label ethanol stock solution
was uniformly distributed on a glass tube walls by removing a solvent
in a vacuum evaporator. Then the suspension of liposomes was added
to the tube and vortexed for 10 min. During this time, the spin label
incorporated efﬁciently into lipid bilayers. The labeled liposomeswere
transferred into glass capillary (1 mm diameter) and ESR spectrawere
recorded with Bruker Elexsys E500 X-band EPR spectrometer
(Karlsruhe, Germany; microwave power 20 mW, modulation ampli-
tude 0.2 mT, magnetic sweep 10 mT). The temperature dependence of
the 5DSA order parameter in DMPC model membranes was
determined in the range of 10–40 °C. Temperature was maintained
with temperature control unit built into the EPR spectrometer.
In the lipid membranes, presence of additives frequently leads to
altered lipid/lipid interactions and consequently to modiﬁcation of
lipid domains. Since the spin probes penetrate all the membrane
domains (although in general with different partition coefﬁcients),
one can expect that probes will exhibit different polarity as well as
motion properties like ordering and rate of the rotational motion,
altogether denoted as motional pattern. The latter unavoidably leads
to several superimposed EPR spectral components. That generally
prevents the analysis of experimental spectra to be done by simple
maximum-hyperﬁne-splitting determination, because the spectral
lineshape is more complex. Spectral simulations are used instead to
reveal signiﬁcant motional patterns of the probes distributed in the
membranes environment. In our case, the characterization procedure
followed the approach described in [23]. The EPR spectra were
therefore ﬁtted with EPRSIMC within a multi-component (multi-
domain) fast-restricted wobbling motion approximation using a
model that allowed distinguishing up to four motional patterns withdifferent spectral properties. The validity of this approach, its
applicability to the applied spin labels, as well as the effectiveness of
the applied optimization routine have been discussed previously [24–
26]. In brief, the model parameters that are provided to simulate each
spectral component are the open cone angle ϑ of thewobbling motion
which can be easily translated into order parameter S, asymmetry
angle of the cone φ, one effective rotational correlation time τc,
additional broadening constant W, polarity correction factor pA,
proticity, as well as the fraction of each spectral component. It should
be noted that the obtained fraction of each component in general can
be different than the relative occurrence of the domains within the
sample due to possibly different partition coefﬁcients of the spin label
within different domains. However, latest experiments suggest that
the partitioning coefﬁcient for different membrane domains is very
close to unity for the applied spin probes [27]. Additionally, one has to
be aware of vertical spin-probe motions. This increases the number of
reportedmotional patterns, but can be recognized at the same time by
the changes in polarity correction factors. Finally, some of the spectral
parameters are less sensitive, e.g. proticity, when EPR spectra are
determined at 10 GHz. These parameters will not be discussed.
Due to the complex evolutionary algorithms applied to solve
inverse problem, i.e. to ﬁnd the best ﬁt parameters, large number of
possible solutions (ﬁts) is provided: M×Nd solutions, where M
(∼200) is the number of optimization runs and Nd the number of
spectral components). This information is condensed by GHOST
condensation algorithm based onχ2 and density ﬁltering as described
previously [23,25]. Final description provides a group of motional
patterns that has been detected frequently in good ﬁts by evolutionary
optimization runs.
From this set of information and deﬁnitions used in the conemodel
we translate open cone angle to more familiar order parameter:
Sz = 0:5 cos
2 ϑ + cosϑ
 
ð2Þ
and the normalized rotational diffusion:
Dr = ϑφ= τc: ð3Þ
Besides them the number and proportion of signiﬁcant compo-
nents (domains) are also determined from GHOST condensation
procedure.
This data is typically presented in terms of bubble diagrams [28],
where each bubble represents one signiﬁcant motional pattern, i.e.
group of spin probes that possess certain motional properties and
polarity. If the vertical partitioning does not change laterally in the
membrane, the motional patterns directly correspond to membrane
domains. Usually, motional patterns are plotted in terms of order
parameters, free rotational space, polarity, rotational correlation time,
or normalized rotational diffusion against temperature or concentra-
tion. The point (bubble) size corresponds to the proportion of the
corresponding motional pattern meaning the portion of spin probes
exhibiting that motional pattern at this particular temperature or
concentration. In such diagrams, main motional patterns can easily be
recognized while parameterization is done and determined without
predeﬁning the complexity or its properties in advance. In addition,
important weak motional patterns can also indicate more complex
transitions between phases.
2.4. logP calculation
Calculation of the octanol:water partition coefﬁcients (logP) of
resveratrol and piceatannol was performed by the method of Ghose et
al. [29] using Titan 1.0.8 software (Wavefunction Inc., Irvine, USA and
Schrodinger, Inc., Portland, USA).
Fig. 3. Laurdan generalized polarization as a function of temperature in DPPC (A) and
DMPC (B) liposomes. Symbols represent: ♦ — pure lipid; □ — lipid with addition of
100 μM resveratrol; ○ — lipid with addition of 100 μM piceatannol. Excitation
wavelength was 390 nm. Lipid concentration was 200 μM and Laurdan concentration
was 5 μM. Traces represent typical recordings of three independent experiments.
1854 O. Wesołowska et al. / Biochimica et Biophysica Acta 1788 (2009) 1851–18603. Results
3.1. Theoretical logP calculation
Resveratrol and piceatannol are stilbene derivatives. The two
compounds differ by an additional hydroxyl group at position 4 that is
present in piceatannol but not in resveratrol. Molecular calculations
were performed to obtain octanol:water partition coefﬁcient values
for both compounds. It was found that logP was 3.06 for resveratrol
and 2.64 for piceatannol.
3.2. Fluorescence spectroscopy
Two ﬂuorescent probes Prodan and Laurdan were employed to
study the interaction of resveratrol and piceatannol with model
phosphatidylcholine bilayers. The investigation of the dependence of
Prodan generalized polarization on temperature in pure DPPC
liposomes revealed two phase transitions which occurred in the
studied temperature range. First DPPC bilayer underwent pretransi-
tion that is demonstrated by an abrupt drop of GP values near 35 °C
visible in Fig. 2. Next, above 40 °C the second rapid drop of GP can be
seen which corresponds to the main phospholipid phase transition
occurring in DPPC model membrane. As presented in Fig. 2, the
addition of 100 μM of either resveratrol or piceatannol completely
abolished the pretransition and reduced Prodan GP values recorded in
temperatures below this transition. On the other hand, in tempera-
tures above the temperature of lipid main phase transition Prodan GP
values measured in the presence of stilbenes were higher than in pure
lipid. Piceatannol modiﬁed GP values to a greater extent than
resveratrol.
When Laurdan GP values in DPPC were recorded as a function of
temperature only the phase transition between the gel-like and the
liquid crystalline state could be observed (Fig. 3A). The addition of
100 μMof anyof the studied compounds didnot change the generalized
polarization of Laurdan recorded in temperatures in which DPPC
bilayer was in the gel-like state. In the presence of resveratrol the
abrupt drop of GP values, representing the phase transition, occurred in
slightly lower temperatures than in pure DPPC liposomes. Piceatannol
exerted similar, but slightly stronger effect. In temperatures above
DPPC main phase transition the presence of both stilbenes resulted in
higher Laurdan GP values than recorded for pure lipid. Again, the
inﬂuence of piceatannol was stronger than of resveratrol.
When Laurdan generalized polarization is measured as a function
of excitation wavelength not only the bilayer phase state can be
recognized but also the existence of microdomains in the membraneFig. 2. Prodan generalized polarization as a function of temperature in pure DPPC
liposomes (♦); DPPC with addition of 100 μM resveratrol (□); and DPPC with addition
of 100 μMpiceatannol (○). Excitationwavelength was 360 nm. DPPC concentrationwas
200 μMand Prodan concentrationwas 5 μM. Traces represent typical recordings of three
independent experiments.can be detected [22,30]. Typically, the line mirroring GP(λex)
dependence is horizontal in temperatures below main phospholipid
phase transition, the function is ascending during phase transition and
descending in temperatures higher than the lipid melting tempera-
ture (TM). Such plots were obtained for pure DPPC liposomes and the
addition of 100 μM of either resveratrol or piceatannol induced no
change in these relationships (data not shown).
Additionally, we have studied the evolution of Laurdan GP values
with temperature in pure DMPC liposomes and in liposomes in the
presence of 100 μM of either resveratrol or piceatannol (Fig. 3B). The
spectacular decrease of GP values in pure lipid bilayer indicated the
occurrence of main phospholipid phase transition. When resveratrol
was introduced into the lipid bilayer the gradual dropof GP valueswith
increasing temperature could be observed rather than a rapid change.
Similarly as in DPPC liposomes, also in DMPC bilayers resveratrol
caused an increase of Laurdan GP values in temperatures above the TM.
In this lipid, the slight decrease of GP values induced by resveratrol
could additionally be noticed in temperatures in which DMPC bilayer
was in the gel-like state. The effect of piceatannol was more
pronounced than in the case of resveratrol. The line depicting Laurdan
GP as a function of temperature was almost monotonously decreasing
and precise identiﬁcation of the lipid main phase transition was
impossible. The piceatannol-induced increase of GP values observed in
temperatures above TM was also much greater than for resveratrol.
3.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry was employed to monitor the
inﬂuence of resveratrol and piceatannol on thermotropic properties of
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obtained for resveratrol:DMPC and piceatannol:DMPC mixtures are
presented in Fig. 4A and B, respectively. The addition of any of these
stilbenes resulted in concentration-dependent decrease of main
phospholipid phase transition temperature of DMPC (Fig. 5A).
Piceatannol reduced the melting temperature to a greater extent
than resveratrol (6.5 versus 4 °C when comparing the two compounds
at drug:lipid molar ratio 0.12). The inﬂuence of the studied stilbenes
on transition enthalpy (ΔH) is presented in Fig. 5B. In general, the
stilbene-induced changes were much more pronounced in the case of
transition temperature than enthalpy. The recorded enthalpy values
oscillated around the control value (obtained for pure DMPC)— in the
case of resveratrol ΔH ﬁrst increased in low drug:lipid molar ratios
and then decreased in higher molar ratios, while the effect of
piceatannol on transition enthalpy seemed opposite. At the highest
drug:lipid molar ratio ΔH values recorded for both stilbenes reached
the value slightly lower than transition enthalpy recorded for pure
DMPC. Apart from inﬂuencing TM and ΔH, both resveratrol and
piceatannol caused concentration-dependent broadening of transi-
tion peaks (Fig. 5C). Only at the highest drug:lipid molar ratio studied
(0.12) was the recorded peak slightly narrower than the one observed
for the previous molar ratio (0.10). Both stilbenes inﬂuenced half-
height width of calorimetric peaks to a similar extent. In addition,
when stilbene:DMPC molar ratios were higher than 0.08 the slight
asymmetry of the recorded peaks was observed (Fig. 4). The high
temperature shoulders were broader than the low temperature ones,
as if the transition proﬁles of DMPC:resveratrol or DMPC:piceatannol
mixtures consisted of two overlapping components.
Additionally, the effect of the stilbenes on the main phospholipid
phase transition of DPPC was studied. Similarly to DMPC studies the
decrease of the melting temperature in the presence of any of the
studied compounds was observed (Fig. 5D). The overall trend was
weaker than in the case of DMPC, however again piceatannol exerted
stronger effect than resveratrol (4.2 versus 2.7 °C when comparing the
two compounds at drug:lipid molar ratio 0.12). The transitionFig. 4. Thermograms of DMPC (upper proﬁles), resveratrol:DMPC (A) and piceatannol:
DMPC (B) mixtures. Numbers in the ﬁgure represent stilbene:DMPC molar ratios. The
thermograms were normalized to an equal amount of lipid for each proﬁle.enthalpy of DPPC was not changed by the presence of either
resveratrol or piceatannol (Fig. 5E). When the concentration of the
studied compounds was raised the transition peaks became increas-
ingly broader (Fig. 5F) but no peak asymmetry was observed even at
the highest drug:lipid molar ratio studied (data not shown).
3.4. Electron spin resonance spectroscopy (ESR)
Electron spin resonance spectroscopy was used in order to better
characterize the interactions of resveratrol and piceatannol with
phosphatidylcholine model membranes. Three different spin labels
were employed: GluSIN18, 5DSA and 16DSA with nitroxide group
localized at different depths inside the lipid bilayer. The inﬂuence of
the studied stilbenes on the probes, for which more unrestricted
motion is expected (GluSIN18 and 16DSA), was analyzed via
correlation time, while for the probe with more restricted rotational
motion (5DSA) order parameter was amore appropriatemeasure (Fig.
6). As it could be noticed in these ﬁgures, the results of simulation of
EPR spectra revealed the existence of more than one motional pattern
for all the spin probes used, however frequently one motional pattern
represented the majority of spin labels. This observation suggested
that phosphatidylcholine model membranes were not completely
homogenous even in the absence of stilbenes. However, to simplify
the discussion only the changes of main motional pattern induced by
the studied compounds will be discussed.
The inﬂuence of resveratrol and piceatannol on correlation times
of GluSIN18 and 16DSA in DMPC liposomes is presented in Fig. 6A and
C, respectively, while their inﬂuence on 5DSA order parameter is
shown in Fig. 6B. In the case of 5DSA in DMPCmodelmembranes three
motional patterns were identiﬁed with order parameters centered
around 0.6, 0.2 and 0.08. The proportions of these motional patterns
were c.a. 80%, 11% and 9%, respectively. As the two latter ones did not
change when the concentration of any of the stilbenes was raised they
were not presented in Fig. 6B for the sake of clarity. The full picture of
5DSA motional patterns in DMPC membranes can be seen in Fig. 7.
When the increasing amount of resveratrol or piceatannol was added
to model DMPC membranes the reduced mobility of all the spin
probes was observed. Stilbenes, however, exerted the most pro-
nounced effect on spectral properties of GluSIN18 whose nitroxide
group is located at the surface of the membrane. Additionally,
piceatannol was found to induce stronger increase of correlation
time of this spin probe than resveratrol.
To better understand the stilbene-induced changes in DMPCmodel
membranes we have investigated the effect induced by different
concentrations of resveratrol and piceatannol on 5DSA order
parameter in different temperatures (Fig. 7A and B, respectively).
Both resveratrol and piceatannol caused the increase of 5DSA order
parameter in the whole temperature range studied. However, the
reduction of the spin label mobility was signiﬁcant in temperatures
below DMPC phase transition, the most pronounced in the region just
abovemelting temperature of DMPC and very limited in temperatures
in which the lipid bilayer was in the liquid crystalline state. The effect
exerted by piceatannol was more pronounced than in the case of
resveratrol.
The effect exerted by the studied stilbenes on DPPC model
membranes was also studied by means of ESR. The results obtained
with the use of GluSIN18, 5DSA and 16DSA are presented in Fig. 6D, E
and F, respectively. Again, three motional patterns were identiﬁed for
5DSA characterized by order parameters of c.a. 0.85 (proportion 80%),
0.65 (15%) and 0.28 (5%). For the same reasons as described above the
two latter ones were not included in Fig. 6E. In model membranes
composed of DPPC higher heterogeneity was revealed than in DMPC
model system, i.e. multiple motional patterns were observed in the
case of all the spin probes. Additionally, in DPPC the differences
between spectral parameters between different populations of the
same spin probewere bigger than in DMPC. Moreover, only in the case
Fig. 5. The dependence of gel–liquid crystalline phase transition parameters: temperature (A and D); enthalpy (B and E) and peak half-height width (C and F) on the stilbene:DMPC
(left column) and stilbene:DPPC (right column)molar ratio. Symbols represent:▪— resveratrol;●—piceatannol. Errors are given as standard deviation values of eightmeasurements.
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labeled molecules, while for the other probes the size of different
populations (motional patterns) was similar. The presence of multiple
motional patterns reﬂected a more peculiar way in which the DPPC
membrane minimized its own free energy. In addition, lipid was
affected by the presence of the spin probes that also minimized their
own free energy. Consequently, this increased the complexity of
motional patterns and complicated the interpretation.
The addition of the studied stilbenes into DPPC membranes
resulted in further increase of the number of motional patterns
observed for GluSIN18 and 16DSA. As it can be seen in the right
column of Fig. 6 the addition of either resveratrol or piceatannol
affected the behavior of all the spin probes. The description of the
overall inﬂuence of the studied stilbenes on DPPC membranes was
additionally complicated by the fact that quite often the parameters
characterizing the motion of spin probes in membrane changed in theopposite way as the concentration of the additive was raised. For
example resveratrol and piceatannol caused the increase of the
correlation time of one population of 16DSAmolecules, the correlation
time of the second population decreased, and the third portion of spin
label molecules experienced no change of this parameter. In the case
of GluSIN18 the correlation time of twomotional patterns increased in
the presence of growing concentrations of piceatannol and the third
motional pattern was not inﬂuenced by this stilbene. When
resveratrol was added to the DPPC model membrane the correlation
time of c.a. half of the spin probes increased while the other portion of
GluSIN18 molecules experienced the decrease of this parameter.
4. Discussion
Our theoretical calculations yielded logP values of 3.06 and 2.64 for
resveratrol and piceatannol, respectively. Such values suggested that
Fig. 6. The dependence of tumbling correlation time of GluSIN18 (A and D) and 16DSA (C and F) and order parameter of 5DSA (B and E) on the stilbene:DMPC (left column) and
stilbene:DPPC (right column) molar ratios. Circles represent: white — piceatannol; grey — resveratrol. The size (area) of the symbol (circle) corresponds to the proportion of the
appropriate motional pattern. For the sake of clarity twominor motional patterns recorded for 5DSAwere not shown on B and E (see text for details). The spin label:lipid molar ratio
was 0.005. Measurements were performed at room temperature; the experiment was performed in triplicate. Bars indicate second moment of the distribution of values obtained
from the GHOST condensation technique.
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observed previously that c.a. 90% of resveratrol was present in the
lipid phase when the partition behavior of this compound between
DMPC liposomes andwater was studied [20]. Fabris et al. [17] reported
lipid:buffer partition coefﬁcient of resveratrol to be 2.63 for DMPC
liposomes, 3.07 for DPPC and 3.11 in the case of DSPC. The authors
showed that the percent of membrane-bound resveratrol was 93%,
97% and 98% in DMPC, DPPC and DSPC membranes, respectively.
According to our best knowledge, the lipid:buffer partition coefﬁcient
of piceatannol has not been determined so far. In the light of the above
results we expected more than 90% of resveratrol to be present in
membrane phase also in our system, the amount of membrane-boundpiceatannol was likely to be slightly lower because of its higher
polarity.
To elucidate the interaction of resveratrol and piceatannol with
phosphatidylcholine liposomes we have employed Laurdan and
Prodan, the two ﬂuorescent probes that posses the same ﬂuorophore
but differ in membrane localization. In the case of Prodan the
ﬂuorophore is incorporated into the lipid headgroup region of the
membrane, while ﬂuorescent moiety of Laurdan occupies deeper
region of the bilayer, namely it is located near the phospholipid
glycerol groups. Fluorescence of both probes is very sensitive to the
amount of water present at the hydrophobic–hydrophilic interface of
the membrane and the dynamics of water molecules [31]. Therefore
Fig. 7. The dependence of order parameter of spin-probe 5DSA in DMPC liposomes on
temperature in the presence of resveratrol (A) and piceatannol (B). The size (area) of the
symbol (circle) corresponds to the proportion of the appropriate motional pattern. The
spin label:lipid molar ratio was 0.005. Results of the single experiment are presented.
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occur in lipid bilayers. Typically, the generalized polarization of
Prodan or Laurdan is calculated and its values are high and positive in
the gel-like state, whereas GP values aremuch lower (sometimes even
negative) in the liquid crystalline phase.
When we studied the evolution of Prodan GP values with
temperature in DPPC liposomes, we observed the occurrence of two
phase transitions. The low-temperature transition, called pretransi-
tion, is connected with the change of packing and hydration of the
lipid headgroups. The second transition is main phospholipid phase
transition related to the conformation change of hydrocarbon tails of
phospholipids. The addition of either resveratrol or piceatannol
abolished the pretransition completely, whereas their inﬂuence on
main phase transition was much weaker. It suggested that both
studied compounds interacted stronger with membrane head-group
region than with deeper parts of the bilayer. Additionally, GP values
recorded in the presence of the stilbenes were lower than in pure lipid
in low temperatures and higher than in pure DPPC in temperatures
above TM. Such observations point to the change in lipid headgroups
packing and hydration induced by resveratrol and piceatannol.
Presumably, in the presence of the stilbenes the model membrane
was able to incorporate more water molecules at its hydrophobic–
hydrophilic interface in the gel-like state and less water molecules in
the liquid crystalline state.
The generalized polarization of Laurdan in DPPC liposomes was
affected by the presence of resveratrol or piceatannol to a much
weaker extent than in the case of more shallowly located Prodan.
Apart from the slight lowering of temperature of main phospholipid
phase transition, only the small increase of GP values in temperatures
above TM was recorded. It seemed that the regions of DPPC bilayerwhere Laurdan ﬂuorophore resided were affected by the stilbenes
only when the bilayer was in the liquid crystalline state. In this state
water penetration to the glycerol backbone region of model
membrane was reduced when resveratrol or piceatannol was present.
Additionally, it was checked that this amount of neither resveratrol
nor piceatannol induced phase separation in DPPC membrane. When
DMPC which hydrocarbon chains are by two carbon atoms shorter
was used instead of DPPC the effects induced by the studied stilbenes
were qualitatively similar but stronger, especially in temperatures
above TM. The comparison of the inﬂuence exerted by the studied
stilbenes on Prodan and Laurdan ﬂuorescence brought us to a
conclusion that resveratrol and piceatannol interacted preferably
with lipid membrane regions in which Prodan ﬂuorophore was
located, and the regions of the bilayer where Laurdan was incorpo-
rated were affected by the studied compounds to a lesser extent.
Differential scanning calorimetry constitutes the most precise
biophysical method to monitor lipid thermotropic behavior. In the
present work we have studied the inﬂuence of resveratrol and
piceatannol on the phase transitions of DMPC. The lipid pretransition
was abolished even at the lowest stilbene:lipid molar ratio used.
When the amount of any of the stilbenes in DMPC membrane was
increased we observed the concentration-dependent drop of transi-
tion temperature and the broadening of calorimetric peaks, which
suggested the decrease of transition cooperativity. The inﬂuence of
resveratrol and piceatannol on the transition enthalpy was much less
pronounced than in the case of TM. The results of DSC experiments on
DPPC model membrane, were very similar however the observed
stilbene-induced changes were smaller. This suggests that the
membranes composed of longer and more order-inducing DPPC,
were more resistant to perturbation by the studied compounds,
probably due to stronger interactions between acyl chains of DPPC as
compared with DMPC. According to the empirical classiﬁcation of the
effects exerted by impurities on lipid phase transitions introduced by
Jain and Wu [32] such a behavior was characteristic for compounds
that interacted mainly with the hydrophobic/hydrophilic interface of
the membrane and penetrated its hydrocarbon region only to a very
limited extent.
The inﬂuence of resveratrol and its two more hydrophobic
derivatives on thermotropic properties of DMPC model system was
previously studied by Sarpietro et al. [20]. The authors observed
virtually the same picture as ours — resveratrol caused TM reduction
and calorimetric peaks' broadening accompanied by only limited
effect on ΔH. Additionally, the phase separation was observed in
resveratrol:DMPC molar ratios above 0.09 that was attributed to the
existence of “resveratrol-rich” and “resveratrol-poor” domains in the
membrane. Such an explanation is most probably true also for
the asymmetry of the calorimetric peaks observed in our studies. The
conclusion drawn by the authors was that resveratrol intercalated into
DMPC membranes and located near the headgroup region of the lipid
bilayer. Resveratrol was also reported to exert similar effects on ther-
motropic properties of DPPC and DSPC [17].
In electron spin resonance experiments three spin probes were
used whose nitroxide groups were located at different depths inside
lipid bilayer. First DMPC model membranes were studied at room
temperature (25 °C) that is slightly over the temperature of DMPC
main phospholipid phase transition. When increasing amounts of
either resveratrol or piceatannol were added the reduction of mobility
was observed for all three probes as judged by the increase of
tumbling correlation time of GluSIN18 and 16DSA, and order
parameter of 5DSA. It has to be stressed, however, that the strongest
inﬂuence of the stilbenes was recorded for GluSIN18 whose nitroxide
group was present at the bilayer surface. The reduction of spin-probe
mobility by the studied compounds was much weaker in the case of
5DSA, nitroxide-labeled at the 5th carbon atom of DMPC hydrocarbon
tail, and in the case of 16DSA whose label was buried deeply in
membrane hydrophobic core. The temperature scan of the inﬂuence of
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bilayer revealed that themobility of this spin probewas reduced in the
gel-like state while in temperatures much above TM the effect of the
compounds was negligible. Concluding, the results of ESR experi-
ments on DMPC membranes corroborated the conclusions drawn
from ﬂuorescence spectroscopy and microcalorimetric experiments
that the studied stilbenes interacted mainly with the headgroup
region of phosphatidylcholine bilayers.
In the case of DPPC bilayers ESR experiments revealed deﬁnitely
less clear picture than for DMPC. If we take into account the
temperature of investigation and the gel state of the DPPC membrane
in this temperature, we can explain this with much lower lateral
diffusion and, consequently, with the existence of more different local
domain types. Heterogeneity of phosphatidylcholinemembrane in the
gel-like phase therefore results in multiple motional patterns
identiﬁed for all the spin probes. It seemed likely that in DPPC
membranes the molecules of spin probes could occupy the higher
number of niches (domains) whose physical parameters “felt” by the
spin probes (such as rate of rotational motion or polarity) were highly
different. Since the stilbenes interacted with all the membrane
domains, it was not surprising that they affected all identiﬁed
different motional patterns thus making the overall effect of
resveratrol and piceatannol on DPPC membranes difﬁcult to be
identiﬁed.
We stated above that the results of ESR experiments indicated the
headgroup region of phosphatidylcholine bilayers to be most affected
by the presence of the studied stilbenes. However neither resveratrol
nor piceatannol possesses chemical groups that could ﬁrmly anchor
their molecules at the bilayer surface so it seemed probable that at
least some of the stilbene molecules might penetrate into deeper
membrane regions which would explain the mild effect also exerted
on the spectral parameters of 5DSA and 16DSA. Similar behavior was
previously demonstrated for the group of ﬂavonoids bymeans of NMR
spectroscopy [33]. It was shown that in spite of possessing numerous
hydroxyl groups ﬂavonoids intercalated into POPC membranes and
inﬂuenced different lipid segments, also the upper region of
hydrocarbon chains. The ﬂavonoid molecules moved relatively freely
along lipid hydrophobic tails and their localization could change in
time. The recent study of Fabris et al. [17] revealed that resveratrol (at
drug:lipid molar ratio 0.01) inﬂuenced the spectral properties of
stearic acids spin-labeled at the 5th, 7th, 10th, 12th and 16th carbon
atoms incorporated into DPPC liposomes. The observation that
resveratrol could affect the bilayer at different depths also pointed
to its relatively high mobility inside the membrane. Alternative
explanations of changes of spectral parameters of 5DSA and 16DSA
induced by the studied stilbenes are also possible. Even the compound
which is not incorporated into the hydrophobic part of the membrane
is likely to induce the changes of the arrangement of the lipids and
water in the interface regions, which can modify the packing of the
tails. On the other hand,16DSA could also bend or kink its tail resulting
in the change of the position of nitroxide group inside the bilayer or
even in moving the nitroxide out of a membrane.
The model studies are usually performed in lipid systems whose
composition is signiﬁcantly simpliﬁed in comparison with biological
membranes. The latter contain different phospholipid species (like
phosphatidylethanolamine or phosphatidylserine) as well as signiﬁ-
cant amounts of sphingomyelin and cholesterol. Although one-
component model systems are far from the real membranes, they
represent the basic essential step in understanding the interaction of
resveratrol and piceatannol with biomembranes. From a biological
point of view the disadvantage of model studies could also be the
necessity of using (mainly for technical reasons) higher additive
concentrations as compared to the ones found in animals after oral
absorption. Resveratrol was found to be extensively metabolized in
mammals. After 30min of drinkingmoderate amounts of red wine the
peak plasma concentration of resveratrol identiﬁed in humanvolunteers was in the range 20 nM–2 μM, while the concentration
of its metabolites reached 10–100 μM [34]. In in vitro studies
micromolar concentrations of resveratrol were usually found to be
needed for the biological activity of this compound. However, when
the drug enters the cell system, very locally its concentration can also
be high (e.g. one molecule of drug per only few lipid molecules).
Therefore such a study clearly represents an important piece in a
puzzle of drug–membrane interaction scheme. It is however clear, that
the existence of the above-mentioned apparent discrepancy needs
appropriate interpretation when transferring the ﬁndings from the
model and in vitro studies into an in vivo situation.
The results obtained in the present work by the use of ﬂuorescence
spectroscopy, microcalorimetry and ESR spectroscopy clearly demon-
strated that resveratrol and piceatannol intercalated into model
membranes composed of DMPC or DPPC. The stilbenes interacted
preferentially with the polar headgroup region of the bilayer, however
small amount of stilbene molecules was also likely to penetrate
deeper membrane regions. The two compounds interacted similarly
with phosphatidylcholine liposomes, however piceatannol seemed to
exert stronger effect than resveratrol on Prodan generalized polariza-
tion, GluSIN18 correlation time, 5DSA order parameter and also on
DMPC and DPPC melting phenomenon. These observations, in
accordance with piceatannol's lower hydrophobicity, pointed to the
possible shallower localization of piceatannol in the membrane as
compared to resveratrol. In conclusion, we have shown that the region
of polar headgroups of the lipid bilayer is themembrane segment with
which anticancer agents resveratrol and piceatannol interacted
preferentially. Hence, further studies with the use of model mem-
branes formed from phospholipids possessing different headgroups
and lipid mixtures mimicking the composition of biological mem-
branes are needed to fully elucidate the details of this interaction.Acknowledgements
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